The declining Ogallala Aquifer beneath the Southern High Plains may necessitate dryland crop production and cotton (Gossypium hirsutum L.) is a well-adapted and potentially profitable alternative crop. The limited growing season duration of the Texas Panhandle and southwestern Kansas, however, imposes significant production risk due to incomplete boll maturation. Emphasizing earlier boll production that is usually confined to sites on lower fruiting branches may reduce risk, but offsetting high planting densities are needed to maintain desirable lint yield. Our objectives were to quantify planting: 1) row width and 2) in-row spacing effects on growth, yield, and fiber quality of dryland cotton. Field tests of row widths from 0.25 to 0.76 m and plant densities with in-row spacing ranging from 0.075 to 0.15 m were conducted from 1999 to 2005 on a nearly level Pullman clay loam (fine, mixed, superactive, thermic Torrertic Paleustoll) managed in a wheat (Triticum aestivum L.), cotton, fallow (W-Ctn-F) rotation. To expand the basis of comparison, cotton growth and yields were simulated using GOSSYM and long-term weather records from Bushland, TX, as input for all combinations of 0.38 or 0.76 m row widths and plant spacing of 0.075, 0.10 and 0.15 m. Experimental and computer simulated plant height and harvested boll number increased significantly with increased row spacing and, occasionally, in-row plant spacing. Modeled lint yield for 0.38 m rows decreased by approximately 50% compared with the 582 kg·ha −1 yield for conventional row spacing, which was practically duplicated by field observations in 2001 and 2004. Measured fiber quality occasionally improved with conventional row spacing over ultra-narrow rows, but was unaffected by plant spacing. Because narrow rows and frequent plant spacing did not improve lint yield or fiber quality of dryland cotton, we do not recommend this strategy to overcome a thermally limited growing season.
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Introduction
Mean annual precipitation for much of the semiarid Southern Great Plains region meets from 41% to 61% of the potential evapotranspiration (ET) [1] and often requires irrigation to realize full potential crop yield. This irrigation water is pumped from the underlying Ogallala or High Plains Aquifer at a rate generally exceeding recharge [2] . As a result, the Ogallala Aquifer is declining at a rate averaging a spatially weighted −4.8 m since pre-development with water level changes of −8.0 m for Kansas and −12.5 m for Texas [3] . Dryland cropping systems exemplify a sustainable alternative to irrigated production supported from the Ogallala Aquifer, but dryland profitability must be increased to preserve southern Great Plains agriculture. Cotton may be a profitable alternative crop that performs well under dryland conditions.
The growing season conditions of western Kansas and the northern half of the Texas High Plains are arguably too limited in duration to provide adequate energy for optimum cotton yield. That is, if cotton blooming after 20 August has less than a 50% chance of maturing near Lubbock, Texas [4] then this date likely advances when moving north to Kansas. Potential incomplete boll and lint development that requires 472 growing degree days (GDD15.5) after bloom may resemble premature harvest-aid defoliation for terminated photosynthesis and depressed yield [5] . Although the possibility of crop failure during any given year was significant, [6] used the mean long term energy for this region to estimate cotton yields from up to six open and the nearly, 85%, mature bolls that ranged from <500 kg·ha −1 to 1000 kg·ha −1 . Cotton production that emphasizes early set bolls may address growing season concerns of risk-averse producers, but necessarily must increase population to maintain yield potential.
The production strategy of increasing plant population through more frequent row or plant spacing generally advances soil water extracted for plant use and often expands production risk in semiarid regions [7] . Recommended dryland plant spacing for a fixed row width in the Texas High Plains can range from 75 to 150 mm depending on the prevailing precipitation conditions [8] . Alternatively, cotton yield was not influenced by population in fixed row widths when water stress was minimized by irrigation [9] [10]. Researchers in central Texas planted cotton in 0.19 and 0.38 m rows to increase population for improved earliness and yield increases of 37% to 21% compared with conventional, 0.76 m, row spacing with no difference in plant height [11] . In west Tennessee, [12] also observed time to crop maturity for narrow, 0.38 m, row cotton was less than for where August to mid-September precipitation of 1 mm per day imposed drought stress on cotton during much of the fruit set, UNR or ultra-narrow, 0.19 m, row spacing yield exceeded conventional row spacing for an overall three year average increase of 12% [15] . Other contrasting studies in southern Alabama reporting equivalent or marginally different lint yields observed for 0.38 m and 1.02 m rows that received above average or at least normal growing season rain recommended further economic evaluation of narrow row spacing strategy for profitability [16] . In lieu of adequate precipitation, cotton performance may favor conventional row spacing compared with either narrow or ultra-narrow, 0.19 m or 0.38 m, row spacing.
We hypothesize that dryland cotton may mature 2 -4 bolls per plant despite the often short growing season in southwestern Kansas and the northern Texas
Panhandle. We found no report where narrow rows were used to accommodate higher plant populations that permitted dryland cotton to produce an economical yield on stored soil water and available precipitation. Our objectives were to quantify planting 1) row width and 2) in-row spacing effects on growth, yield, and fiber quality of dryland cotton using both field experiments and crop growth simulation.
Materials and Methods

Field Experiment
Using crop growth simulation and a field experiment conducted from 1999 to 2005 at the USDA-ARS Conservation and Production Research Laboratory, Bushland, TX (35˚11'N, 102˚5'W; and 1170 m MSL) we evaluated row spacing and plant population effects on growth and yield of dryland cotton. A dryland wheat-cotton-fallow (W-Ctn-F) rotation that produces two crops in three years using, in part, precipitation stored during intervening 10-month idle/fallow periods was established on a 510 m long by 110 m wide nearly level Pullman clay loam [17] . We subdivided the 5.6 ha site into three 36 m wide strips that were sequentially assigned to wheat, cotton, and fallow after cotton so that each rotation phase appeared every year.
The wheat phase of our rotation began in September -October when soil water permitted establishment. The uniformly managed wheat (cv. TAM-110
Foundation Seed, College Station, TX) was planted using a high-clearance hoe opener grain drill at ~50 kg·ha −1 sowing rate to achieve 200 plants·m Pullman soil [18] ; therefore, no fertilizer N was needed to achieve the expected dryland yields for wheat [19] and cotton lint [20] . We applied no P or K fertilizer because the Pullman clay mineralogy supplies sufficient K to meet crop demand [21] and dryland crop response to broadcast applied P fertilizer has been limited for 0.76 m rows. Cotton was harvested at maturity in November followed by a ~10-month fallow phase before the rotation was repeated with wheat planting in late September or early October).
Field Measurements and Analyses
Final plant population, boll number, and lint yield were determined at maturity [17] . Soil water measurements were based on duplicate gravimetric soil cores taken to a 1.8 m depth and sampled in 0.3 m increments that were converted to volumetric soil water using previously measured soil density as described by [24] .
All possible combinations of in-row plant spacing and combination cultivar and row widths were replicated three times as 170 m long blocks to produce 36 (9 by 56 m) plots. We compared measured soil water and cotton growth and yield factors in response to cultivar, intra and inter-row spacing fixed effects according to a randomized complete block split plot design [25] using SAS mixed linear model ANOVA procedures [26] . Random effects were block and block × (row spacing) until 2002 when random effects were block and block × (plant spacing). We analyzed all dependent parameter responses to inter-row and intra-row spacing effects within years because of annually variable growing season conditions including air temperatures, and precipitation distribution and amount.
Model Uncertainty and Crop Simulations
The accuracy of the computer crop growth simulation model GOSSYM ver. 4 bulk density, texture, and hydrologic properties based on field measurements [30] or the values supplied with the model for a Pullman soil at Lubbock, TX.
The initial soil profile water content for all simulations was uniformly fixed at 100% of field capacity to optimize crop establishment and potential lint yield.
No fertilizer N was applied because, as previously noted, annual atmospheric deposition and mineralization for a Pullman soil totaling ~47 kg N ha −1 [18] is sufficient to achieve ~500 kg·ha −1 lint yields [20] that might be expected for dryland cotton at Bushland. The effects of other nutrients on cotton growth are not simulated by GOSSYM and were not specified [31] . 
Results and Discussion
Dryland cropping systems depend exclusively on precipitation for crop estab- ). These data indicate that precipitation and not growing season energy would likely limit cotton lint production during our study.
Growth Factors
Plant height measured at harvest, shown in The observed boll number at harvest shown in Table 1 As was observed for model calculated plant height, the corresponding mean boll number for the conventional 0.76 m rows were significantly greater than for the 0.38 m row spacing (Table 2) . Cotton boll number also increased significantly as plant spacing increased, suggesting that fewer plants in close proximity would tend to reduce water deficit stress and increase fruiting. 
Lint Yield and Fiber Quality
Our measured dryland lint yield (Table 3 ) reflected the cumulative rain and its growing season distribution and soil water use. Peak lint yield averaged 406 Table 3 . Mean lint yield, kg·ha −1 , for each harvested study year in response to row width and plant spacing, m, treatments with the corresponding ANOVA significance levels. (Table 2 ). Model calculated dryland yields for 0.76 m rows, plotted in Figure 3 with increasing observation exceedance probability, were consistently greater than the corresponding yields for 0.38 m rows. In fact, approximately 80% of those yields from 0.76 m row spacing exceeded the greatest yield of the 0.38 m row spacing although the modeled yields less than 300 kg·ha −1 would be underestimated by as much as 50 kg·ha −1 . The modeled yield results also provide no compelling evidence that plant spacing influenced the lint yields under these dryland conditions as measured under dryland and irrigated conditions [10] . That is, the data show that row spacing and not plant spacing influenced lint yield. Lint quality can be revealing of environmental stresses imposed on the crop and the effect of management practices to offset them. For example, [34] observed that uniformly irrigated cotton lint quality factors and yield were generally unaffected by row spacing. Cotton fibers are formed in two phases that begin with rapid cell elongation during the first three weeks after bloom that establishes fiber length followed by fiber wall thickening as cellulose deposition continues through maturation about 30 days later. Any environmental stress caused by, for example, nutrient or water deficiency typically results in shortened or improperly matured fine or overly thickened fibers.
Our measured primary fiber quality factors of length and micronaire in response to treatment row and plant spacing are listed in Table 4 by year with the level of significance, but no corroborating model fiber quality results were possible because GOSSYM does not determine those properties [35] [36] . Fiber length exceeded the grade minimum 20.6 mm, averaging 21.5 mm across the Length, micronaire, and other factors are combined to determine the lint price premium that we present in Table 5 These data show that the ultra-narrow and narrow row spacing tended to have more heavily discounted price premiums than with conventional row spacing.
Plant spacing resulted in no significant differences in price premiums during all five growing seasons from 1999 to 2004 because of negligible effects on lint quality factors.
Summary and Conclusions
We hypothesized that the limited early set cotton crop produced with offsetting higher populations could achieve desirable yields despite growing seasons that are often considered by many risk-averse producers of southwestern Kansas and the Texas Panhandle as too limited in duration and energy. The plant height of cotton grown using narrow, 0.50 m, and ultra-narrow, 0.25 m, row spacing decreased from 15% to 30% compared with conventional 0.76 m row spacing during predominately drier growing seasons with significant differences due to plant spacing approaching 10% during the first three years. Lint yield and plant boll number for generally drier growing conditions were increased with wider row spacing by up to 50%, although differences were not always significant. We generally unaffected by the planting geometry except for degradation with ultra-narrow row spacing that also depressed the corresponding price premium.
We conclude that using narrow rows or frequent plant spacing did not improve net lint yield or fiber quality of dryland cotton. Concentrating on early set cotton boll production by adapting planting geometry to increase plant population and, consequently, cotton yield is not recommended under dryland conditions to overcome a thermally limited growing season.
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